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Thermal analysis in Ti-6Al-4V drilling Ismail Lazoglu (2) a, *, Gé rard Poulachon (2) b , Christophe Ramirez b , Mohammad Akmal a
Introduction
Several thermal measurement devices dedicated for machining are already available on the market [1] . Out of those apparatus, the infrared CCD camera together with the thermocouple (TC) based techniques are the most well-known and efficient ways to measure the temperature in turning [2, 3] . Usually, knowing precisely the cutting temperature is mandatory to understand the thermal phenomena involved in the cutting zone and moreover for simulation's validation purposes [4] . The first studies in drilling were initiated by Rumford [5] and Schmidt and Roubik [6] by using a calorimetric test to determine the heat generation. More recently, Agapiou and Stephenson [7] and Ramirez et al. [8] have used two different devices to measure the temperature during a drilling operation. Respectively, the first one consists of inserting two Ktype thermocouple wires through the lubrication holes close to the cutting edge. The second method converts the tool to an actual thermocouple by positioning in the workpiece an insulated wire. While the cutting edge cuts the wire, it generates a sudden hot junction producing a potential difference and thus, allowing to measure the temperature at that specific position and time.
Since the early 2000, temperature measurements during drilling operations are more and more investigated. Le Coz et al. [9] and Kerrigan et al. [10] performed measurements with thermocouples embedded inside the drill. The data are transferred to the acquisition chain thanks to an on-board wireless system located in the tool holder. Beno and Hulling [11] used a bichromatic pyrometer receiving radiant light through an optical fiber located in the workpiece, in a direction parallel to the drill axis to measure the temperature of the cutting edge. The same kind of experimental set-up has been used by Ueda et al. [12] for alloy steel, cast iron and aluminum alloys machining.
The ability to simulate, analytically or numerically, the physics of the process gives tremendous control toward further improvement and development of new vista. Earlier years produced analytical models for cutting temperatures on simple tool geometries, nevertheless, latter progress in computational sciences, numerical techniques were developed for estimating temperatures on complex tool geometries and processes. Komanduri and Hou [13] used different heat source models to estimate temperature distributions. Lazoglu and Altintas [14] used a finite difference numerical model for predicting temperature distribution in chip and tool for continuous and interrupted machining operations. Later Lazoglu and Islam [15] extended the same approach to oblique machining operations for temperature prediction. The understanding of the thermo-mechanical phenomena was further improved with the introduction of a model for the transient heat partition coefficient between chip and tool rake face by Islam et al. [16] .
The present article will describe a newly designed device, named Rotary Tool Temperature (RTT), allowing to measure the drilling temperature close to the cutting edge. This innovative device has the advantage to be easily associated with a rotating multi-component dynamometer for drilling and milling operations. Comparisons in-between experiments and simulations are presented. A semi analytical hybrid approach is adopted for the simulation of temperature fields on the drilling tool. The heat generation source is estimated using the cutting conditions and material mechanical properties, whereas the mechanics of cutting provided the size of heat generation zone from the tool/chip contact length. Finally, finite element analysis was employed to achieve the temperature distribution prediction. Ti-6Al-4V is commonly used especially in aerospace and biomedical industries. This alloy is known as a difficult-to-cut material. Due to its poor thermal properties, the heat generated during machining processes traps near material deformation zones. This causes detrimental high temperatures for the cutting tools. This article combines the analytical and FEM modeling techniques to estimate the temperature evolution of carbide tools in Ti-6Al-4V drilling. In this article, a novel thermocouple based temperature measurement setup is also introduced. Moreover, the simulated and measured temperatures under various cutting conditions for the drilling of Ti-6Al-4V are presented for the validation.
Rotary Tool Temperature device
drilling operations. This RTT device consists of connectors with cold junction compensations to acquire signal up to six thermocouples, an internal memory to store the signal as a function of time during machining, an on-board lithium battery (3.6 V, 3.6 Ah, and a maximum recommended continuous current of 130 mA), and an internal clock to synchronize all the signals. The RTT device can be mounted on a standard tool holder to measure the temperature in both drilling and milling operations. The system has two parts: the RTT itself assembled and spinning together with the drill, and an external module in charge of the data communication to the computer thanks to an RJ45 connection. The external module includes an independent clock; this clock pulse is essential when a simultaneous measurement of cutting forces and temperature is necessary. Indeed, in this peculiar case, it is necessary to synchronize the different signals; to this end, it requires to launch the two clocks with the same pulse rate and triggered simultaneously. When the clock synchronization is complete, the two acquisition systems are unplugged and the machining is performed. The cutting forces and the external clock signal are recorded independently; after which the temperature data are downloaded from the RTT on-board memory and post-synchronized to the other signals. In the present study, the RTT device is used to register signal from two thermocouples. For this purpose, the drill is firstly prepared with two holes, obtained by electrical discharge machining (EDM), starting from the back of flute to end either close to the drill corner for one side or at the middle of the cutting lip for the other side of the drill; those two temperature locations are labeled as TC corner and TC lip respectively. The two thermocouple wires connected to the RTT device are then slipped inside the lubricant canals and inside the previously mentioned EDM holes as shown in Fig. 2 .
The two thermocouples are secured to the drill body using two different high temperature ceramic glues: one is charged with silver particles, as a result improving its thermal conductivity and used at the bottom of the EDM hole to connect the two thermocouple wires with the drill body, the other one is used to secure the wires to the drill permanently avoiding any signal disruption when the tool is turning during the machining motion. The main characteristics of the RTT device presented and used in this work are summarized in Table 1 .
The thermocouples are used in a specific configuration to enable an instantaneous time response. As represented in Fig. 2 , the two thermocouple wires are in direct electrical contact with the bottom of the 0.5 mm diameter hole in the tool. There are two hot junctions: K+/WCCo and WCCo/KÀ. As the tool material is part of the hot junction, the Seebeck's effect response is instantaneous. The only measurement time delay comes from the data acquisition frequency. The exact location of the measurement is at the K+/ WCCo junction since the electromotive forces generated by the WCCo/KÀ is close to zero. The RTT calibration was conducted under the FD X07-029-2 standard, and the thermal drift checked and resulted as non-significant until 70 8C inside the RTT for both temperature measurement and for the clock generator.
Thermal modeling
Thermal modeling requires the modeling of force field to estimate the heating load for the drilling simulations. The cutting forces for the drilling process were estimated using the discretized orthogonal to oblique transformation model as described by Altintas [17] . The geometry of the helical drill used for the development of the oblique model is shown in Fig. 3 .
(1) Eq. (1) determines the discrete force components along the tangential (dF t ), feed (dF f ) and radial (dF r ) direction for a selected disk with the differential chip load (dA) of (DbÁh). Here, (K tc , K fc , K rc ) and (K te , K fe , K re ) are the cutting force and edge force coefficients for the tangential, feed and radial direction respectively. The cutting coefficients calculated and used to predict the cutting forces for these experiments are provided in Table 2 .
The mechanical properties of the workpiece material required by the transformation model for the cutting forces analytical modeling, and for a Dz thick discrete disk (as shown in Fig. 3 ), were taken from the Ti-6Al-4V alloy material database reproduced in [17] . The analytical calculation of the transition torque required for the selected cutting conditions is in good agreement with the experimentally measured torque as shown in Fig. 4 .
The experiment drill chisel edge width w and chisel edge angle c was 2 mm and 1318 respectively. The drill geometry is complex and changes along the cutting lip. The critical parameters such as chip flow angle h, effective rake angle a f , oblique shear angle f i , normal shear angle f n , local helix angle b z vary and affect the differential cutting forces on the cutting lip. The variation of those angles are illustrated in Fig. 5 .
The resultant cutting force (dF R ) on a differential chip load can be determined as the following:
The resultant cutting forces were then dissolved into their friction (dF u ) and normal components (dF v ) using the friction angle (b a ) in Eqs. (3) and (4) Furthermore, the same parameters were used to establish the chip contact length l c and chip velocity V c as described in [15] using Eqs. (5) and (6) . l c ¼ hÁsec hÁsinðf n þ u n Þ sin f n Áðcos a n cos u n Àsin a n sin u n Þ (5) V c ¼ VÁsin iðzÞÁsin f n ðzÞÁsec hðzÞ tan f i ðzÞÁcos a n ðzÞ þ sin f n ðzÞÁtan hðzÞ (6) The power lost to friction for the discrete section along the cutting edge of the drilling tool is the product of the differential friction force and the instantaneous chip velocity, given by Eq. (7).
The second step used the information produced in the previous step to define the heating load and area which is active on the drilling tool. The heating load in this case for the tool is the heat partition coefficient corrected sum of all products of the differential friction force and the instantaneous chip velocity for a discrete element along the cutting edge of the drilling tool, calculated using the following equation:
The heat partition coefficient for the tool (l) was selected as 0.85 and 0.60 corresponding to the two cutting speeds as reported in [18] .
Force, torque and temperature measurements were obtained in drilling of Ti-6Al-4V titanium alloy with a 12 mm diameter and 308 nominal helix angle, uncoated, two fluted carbide drill in dry cutting conditions as given in Table 3 . Drilling depth was kept at 20 mm in all tests.
The finite elements model (FEM) was developed for blind hole drilling. The tetrahedral type elements were selected to mesh the complex geometry of the tool. The mesh density was variable, but to capture the temperature distribution accurately it was made sure that the heat load areas had very fine mesh. The total number of tetrahedral element was 447,267 with a minimum element size of 2 mm. The boundary conditions on the tool and workpiece are selected to reflect the experimental conditions closely. Thermodependent thermal conductivity was used for both the workpiece and the drill materials. The cutting process is simulated as a time dependent heat transfer model, where the heat load will remain active for the duration of the cut as it was in the experiment. The heat load, as calculated earlier, is defined to be active only at the tool chip contact zone on the tool (Fig. 6 ). Comsol Multiphysics software was used for the FEM analysis on an Intel Xeon CPU W5590 @ 3.33 GHz, 8 cores system for modeling the temperature distribution on the drill bit. Simulation time for each condition was less than 30 min. 
Experimental validations
The drilling tests were performed on a DMC DMG 65 CNC machining center. Tests at each condition were performed three times to verify the repeatability. Only one drill had been used for the whole experimental campaign to avoid dispersion; a previous campaign ensured no tool wear can appear during the tests. Axial force F z and torque M z were also measured by using a rotary type 9123C Kistler dynamometer (Fig. 4) . Force and temperature signals were sampled at the frequencies of 2 kHz and 256 Hz, respectively. During the drilling tests, the tool temperature at the two thermocouple locations specified previously were recorded. Simulated and measured tool temperatures at the specified tool corner and tool lip points are presented in Fig. 7 . As seen in this figure, the simulation results and experimental measurements with the lip and corner thermocouples are matching quite well in trends as well as amplitudes with less than 10% differences at the maximum temperature points. For the cutting speed of 10 m min À1 and feedrate of 0.1 mm rev À1 , temperature is about 370 8C at the thermocouple locations. When the cutting speed is increased to 30 m min À1 and feedrate of 0.2 mm rev À1 , tool temperature at the thermocouple points are increased to about 500 8C. Simulation results show that the local temperature near the outer corner of the cutting lip, the tool temperature can be even higher as shown in Fig. 8 .
Conclusion
Temperature remains to be one of the major limiting factors toward improving productivity of advanced engineering materials like titanium alloys. Thermal analysis of drilling is critical for better understanding of the process. This article combined the analytical and FEM modeling techniques to estimate the temperature evolution of carbide tools in Ti-6Al-4V drilling. In the article, a new thermocouple based temperature measurement system, named as Rotary Tool Temperature (RTT) device, was introduced. Moreover, the simulated and measured temperatures under various cutting conditions for the drilling of Ti-6Al-4V were presented as validations for the thermal model. Table 3 . .
